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Jallistio Test of 5/8" Ti%enivm Armor Pletes
4 detariurglical Kxemination of Plate 1R
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PABT A
SYNOPSIS

to Thin %ont was conducted to detsrmine tharsggggrabivo ballistic
prop. ctise of five $/8% Hemington titanium pIates and one

YIRS iRTatal 5/8% titanium. late forgsd by the lbvul Gun- raotomy
?mﬂa & danPont mm shed by rolling. The metellurgioal

PO PAT ‘wa aro I od on the initisl plate anbaittod by tho

u"’ 6 .20 ATR aod Gantbor .50 ATa pregestiles ot
9 BT m- anm&ox‘ Eu M‘lu“ﬁ
Y, . and 1nror1m'¢ w t‘aco-nra 3 oax m

mn-d and tured frog 1 ao' omquu
ated, . at an - ,... 1lert svesl thivkness f":’i',;
‘ ohu vm _ A0E to Noshgsesous wad fi'”',

mﬁtmm,, m amﬁy mwm mard to "Mm, to “”’*-

Titanium tu mum. for use g, #n exmor mMO& m«tax’
w ‘Bailietio 1e8 are oonteresd but appiiostions wiil:
Qepend upon T ions in the present 00K% par pouud ot -
am:g end upon the maiblbttr of u@rm the pressat baﬂ.necio
aiality.

5. A mstallurgioel sxeminetion of one of the better titenium
4PROT plates showod a charaotaristic equl-aryed grain struoture
whish &lu0 had 8 preferred orystal orientation developed in the
srooess of rolling and anncaling. The preferrod orientation
profvces maximum hardness in a direction acvrozs the thickness of
the—piats and should help penetrativm rasistance.
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Ballistic Test of 5/8" Titanium Armor Plates
and Metallurgioal Examination of Plate 1R
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6. The orisnted struoture was lsss effective ballistically
when the plate was finished in the meximum ocold-worked oondi~
tion bu% subsequent ezperimental anneeling restored some of
the lost ballistic quality. ‘

7. When the orientation was romovod‘by treisforming the
atructure dt high tempereture, the resultsnt structure was
dorig%ont in strength with inficetions of poorer balllstic
quality. : : , :
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Ballistic Teet of 5/8" Titaenium Armor Pletes. . ... . .
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PART B

INTRODUCTION

1, AUTHORITY:
This test was authorized by references (a) and (b).
2. REFERENCES:

n. BUORD itr P9 (Re3la-128) to NAVPROV of 27 April 1949.

b.  BUORD ltr Li-3(1 38-128) to NAVFROV of 27 June 1949.

‘6. - Naval Research Laboratory - First Preliminery Report
on Ballistic Studies of allic Titanium, Advancse

4. Remington Arms Co. 1tr to BUORD of 20 Decsmber 1949.

s. Titanium,Beport of Symposium, Offico of Naval Research,
- }_16“300!!50@;}9&8-ﬁ~ L SR

t. Titenium 8 sium, Industriel and Englneering Chemistry,
: - Pebrvary 1950. . o SRR o .

@. Remingtoen Arms Oo. 1tr to BUORD of 6 senuary 1950.

'Sirse titanium is 8 relatively new metal ‘soms of its
properi:ies which might influence the balliatio quality are
listed Delow,. , _ ’

Tionium 18 irntermediate in Ader ity between 24,8-Ti aluminum
armor und steel armor. The metal hos a high melting point, low
thermal oxpansion and low heat conductivity. In oommon with
ziroonium it has & strong tendenocy to seize other metals in
friotional contaot. The orystal struoturs of titanlum is
rlose-packed hexagonal in contrsat to the bvody-centered cubio
eryatal arrangement in steol. Titanium has an allotropic modi-
rication at higu temperature - beta titanium ~ which basg a
rody~centered cubioc structure end which develops in the pure
metal noar 1615°F., Carbon, &s titanium carbide, is found in
significant amounts in commercial titanium. The carbide 1s
relativaly insoluble in both the low temperature alpha and Ligh
temperature beta modifications a&nd therofore does not have a
hardening funotion as 1t does in steel.

LONFIDYVNTTAL L
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L15hough very pure titanium is available in small emounts
for lonoratory uses, the prospsotive metal for commercial use
contalins small eamounts of other elements which modify ite
properties. Remington Arms Company vacuum<aro-melted titanium
has & nominal composition of 99+% titanium, 0.3% carbon and
smellcr smounts of oxygen, nitrogen, iron snd other elements
(referonce (d))s The B. I, dwPont de Nemours & Compsny also
producos titanium metal ingots by induction meiting in graphite
whioh have a higher range of carbon ccontent (0.3 to 1.0%). The
conmexrcisl metel can be forged and rolled to plates such as
might o used for armor.

Twio reacent symposivms on titanium metal, one conduscted by
the Of{ice of Naval Resesrch (reference (e)) and the otker by
the Amsrican Chamicel Sociaety (reference (r)) have provided
informztion whish 18 rsed in this report.

. A conference on tfeo production of the Remington titenium

armor nlates degorided in this report wes held at the Naval

~ Proving Ground on 10 November 1949 and was attonded by the )
Tollowlng representatives from other activities: W. L., Finlay
~and ¢, I, Bradford, Remington Arms'Gompang;'W; George snd . .
. I, Uhapin, Nbvai Research Laboratory; H. W, Freeman,

- Bureen of Ordnance (Re3a). At this conference the ballistic

resulis on Plete 1R were reviewed and it was decided that the.

'“Mmaat Trasible experimental variations in tho meanufacture of

the remaining plates were to increase the smount of knsading
during forging and to reduce the extent of ennealling after
rolling, 8 of the material was left as forged billets
whioh nould be rolled into plates leter. Because of the
ploneer nature of this work, e chemical and metallurgical
exanination of oach plate was decided upon to esvablish basic
informztion on titanium srmor plates.

L. OBJECT OF TEST:

The teat was conduoted to determine the comparative ballistio
© propertiss of fiwe 5/8" Remington titanium armor plates amd one. .
ozperimaatal 5/8" titaniur plate forged by the Naval Gun Factory
from e duPont ipgoet and finished by rolling. The metallurgical
properties are reported on the initisl plate submitted by the
Remington Arm3 Company.

N

CONFIDIHTIAL



CONFYDRNTIAL 'NPG HYPORT NO. 584

Ballistic Test of 5/8" Titanium Armor Plates
coeeeg~Metallurgioel Examfaation of PLate IR
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. FBRIOD QF TEST:

‘+» Date Project Letters 27 April 1949 and
27 June 1949

. Dato Necessary Materisl Roceived 18 October 1949 to
February 1950

:» Date Commenced Teat 10 Novaember 1949

i, Ballistio Teat Completed ‘ March 1950

z., Partial Metallurgical March 1950
Examinetion Complated _

PART C
DET4ILS OF TEST

6. TRSORIPTION O¥ TTEMS UNDER TEST:

4 total of eleven plates have heaon rToc
Proving Orcund. The table delow identir oy
manuiacturer, method of fabriocation, size, 3
baliistic testing.

Bo: [apufespyrer No. Sl Yorgimg —  Rorm e
R 364 6/8x20xE0°  Standard-A Standsrd-D  Fired:
2n “ 414 6/Bx20xB0" ~ Stamdard-s - StandardsD  Part Fipec
5R ® 415 G/0xBOxEO"  Jtemdard.A  Mux,001d work-B  Pired
4z " 407  5/8x20x20° Max.Xnoading-8 Max.cold work-E  Pired
il n 428 Ox20" Max .Kneading-B Max.cold work-E Part Pired
i} u 445 S/8xR2x89" Maz Xneading-B Max.cold work-8 Beld
TR v 43  3/8x22x29" lMax.Kneading-B Max.cold work~-E Hold
&R " 514 1-1/2x13x13" Max.Xneading-B F 8014
g "™ . .448 -1-1/2213x13" Max.EnmeadingeD- - -F - - --Held
108 " 540 1-1/2x13x13" Max.Knoading-B F Bold
1D <uPont & NGF No data 6/9xR4x28" c G Fired

Note: on Forging and Rolling Treatments:
A - Iuspdard Remington forging practice: Tforged under a 1200 1b.

mmer to a billet 1-1/2 x 1L x 14" wlith sevon heatings to
'50°F, billet ground beforo rolling. ~

CONFIDENTIAL &
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B - Forging for meximum kneeding: seame as A except approximately
50% more kneading during the forging operations.

C - TForged et the Nava) Gun Factory, using an 8000—1b. drop
nammer, to & billet 1-3/4" thick, forging temperature 1875°F.

D - Standard Remington rolling practice: rolled on hot aobbing
mills to 5/8" thickness, with three hestings to 1750°F and
51x passes per heating, annsaled l-1/2 hours at 1450°F, air
cooled, roller leveled for flatness.

E - Rolling for mexinua cold work:s similar to D except rolled
with as little heat as possible and with no anneal aftsr
the rolling operation.

¥ - Loft in "as forged" oontition.

G - Bolled by Allegheny-Ludlum to 5/8" thickness, FPlate wes
#isttened at the Navsl Gun ¥asotory by heating to ebout
1300°F and pressing, air ocooled. '

Muoh of the abcve information on Remington forging and rolling
treatments was obtained from representatives of the Remington
Arns Company at the Maval Proving Oround oconference. kost of
this information 18 probably oclassed as a "trade- socret™ dy
Bemington. The informetion whioch was spocifisally gxemptod froam
the trade secrot olassification was given in the tol*awins stato~
ment by the Remington Arms Company from reference (d).

"ine material being shipped to you was prodwced by vaouum aro
walting and oassting of an ingot from commeroclally pure titaniun
sponge, the ingot then being forged into a billet and subsaquently
hnb—railod to prescat dimensions. Neither physlcul nor chemical
properties have been anelyzed. The nominal compoaition of

 commerolelly pure titaniur iss

Titenium 99+%

oo fGarbon 0.3%, aspproximate. .
Oxygen | 77 "Yew one hundredths
Ritroaen to a fow tenths
Iron percent each.

Othar Elements Trace".

COIFIDENTIAL 7
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Tre f@klewﬁng enalytionl data on threse of the Remingten
plates wes given in referencs {gl.

Carbon Hitrogen
Plsts Number
14 {NPG No. 2R) 0,28 0.013
515 (NPG ¥o. 3R) Q.03 0.010
407 {EPC No. 4R} 0,30 0.013

Piate No. 1D wss forged Irom a 4uPont ingot whick hed &
carbou dontent of about 0.75%. Ths plate was returned to the
Nevel Gun Factory ip & buckled conditior after rolling and wes
fisttened by heating ¢o forgling temperaturs end pressing.

7. RESULTS AND DISQCUSSION:
e, Baliistio Test

The d4¢tails of the ballistis rasulte on each late axe g

ver 1n Appendix (D) and the results sre summarized Table X,

ippendix (B). ?hetagraphs of $ha plates after b%llistio testing

are includsd 1n Ap {anﬁix {4} as F?iurae i %0 10, inolusive. Tho
 tezting procedure is desorided in Appsndlz (B).

The tabie given below 1istas She avezage beliistic limit
ooefficient for the best titanium plates and, for somparisosn,
the sversge bhallistiec 1imit coofficient of othar iight srmor
mateorials. Thess Limit coeffivients have boen csloulatesd ysinog
the Vp50 iimits. The Vpmin linids or spesifieation reguire-
monte against 20mn EE loaded end fuzed projectiles for ithe
various matsrials are 2lso listali. Ths values reprezent per-
formance for a given equivalent aztseel thickness e' to fscilitats
comparieon detween elioy®s of diffsrant density.

CONFIDENTIAL 8
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Equivalent Cal. .50 APM2-0° Cal, .30 APK2-0° "Vpmin®

Steel Limis¢ Limi¢ Limit
Thickness Crefficient Coefficlent 20rm HE
Katerial a! Fler/a,9) . Met/d,0) 20°
. i 1) 1
Titenium 08355 65, 300" ) 70,800 ™ 2394 £/8'Y)
{Av, of Plates
NPG Nos. 1R &nd
Faoe-Hardened (2) {3)
Amor - 0%313 on 75,800 - 2265 £/ .
Face-Hardened : ' .
Armor ¢9380 76,000(“ oo 2617 t/sw),
Bomogonsous Alr- _ {
oraft Armor 08393 59,600“) 6556%%5) 2834 ?lﬁ's)
24,874 Aluminum | '
.Alloy 0355 65,Ga0€6) 65,209€6) 2320 rls€7’
Hotes: U |
{1) Average of plates 1R and 2R, sonsidered the best cversll.
. plates. .
{2) Averags limit coefficient for 61 scceptanse phtas;
{3) Minimum requiremsnts of appiicable amor specifiocaticas.
(4) Average of plates reported im NPG Repori No, 478
of 19 Jamuary 1550, .
~{5) .Averags of 10 scoeptense plates, i

¥rom everage perforsance ourvs based on all 24S-T4 aiuvminum
alloy plates tested bestween 1943 and 1 February 1950,

As predioted by the performance surve {NPG Photc ¥o. 21190}
contained in NPG Report 13-43 of 10 August 1943,

CORPIDENTIAL 9
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Plates iR and 2R, manufactured in & similar manner by
standard Remington practice, exhibited the best overali balllistic
performance of the titanium plates. Thiz was based primarily on
the faot that these two plates gave the highest genetration
limits against Caliber .50 APM2 projeotiles at 0° obliquity,
although soms of the other plates were slightiy better agalnst
Caliber .30 APM2 projectiles, The performance egainst Caliber .50
ammunition is considered to be of prime importance because thias
type of attack is oconsidered likely to oocur in service and also
beosuge ammor of this welght (epproximately li.5 pounds per square
rbot)iig generally employed for protection sgainst Caliber .50
ammunition. :

A graphic comparisen of titanium with other types of light
armor is given in Figure 1l using the Vp50 limit oriterion.

From the table and Figurs 11, the following comparisons
gdﬂ; o:her types of light ammor ourrently in use by the Navy ars
catad,-

~ (1) The averase perforamnce against Caliber .50 APM2
rojectiles at 0° obliquity of the two best titariuw plates
flﬂ end 2R) is superior to that of homogensous aircraft steel
- armor, equivalent of 248-T4 aluminuws alloy amxor and inferior to
fage-hardened steel armor, -

- (2) The average performance againat Caliber .30 APM2

projectiles at Q° obliquity of the titanium plates is superior
to homogeneous aircraft steei armor and 248-T4 aluminum alloy
armor and inferior to fasce-hardensd ateel arwor,

(3) The combination of strength and dnotilig present
in the titanium plates 1R and 2R gave higher penetration resistance
against Caliber .50 APM2 projectiles and slightly lower

Celiber .30 APM2 vesistance than did the combination of pro-
perties present in the other titanium plates testsd with both
calibers - 3R, 4R, and 1D, After annealing (1-1/2 hours at 1450°F)
. plate 3R was equivaleat to 1R and 2R against Caliber .50 APM2
projectiles., Annealing plate LR resultvd in some improvement but
not as much as in 3R. Plate 1D when snnsaled (zlow cocl from
1300°F) 4id not saow any improvement.

JONFIDENTIAL 10
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{4} The ashook properties of plate 1R against 20mm HE
Tuzey projectiles at 20° obliquity wers inferior to those of
horogeneous airoraft and face-hardensd steel armor and superior
to 24S-T4 aluminum alloy ammor. This statement is based on the
minimum protection 1imift "Vpmia® and the faot that cracking was
not excessive., The shook performance of the othar two titanium
plates testsd {3R and LR, rolled with meximum coid work) was
inferior to that of plate 1R in that the "Vpamin" 1imits were
lower éﬁable 1) and the degree of cracking was greater {Pigures 2,
. and 6), Annealing 3R and LR probably would have effected am
ipprovemeut in shook resistance but sufficient material waa not
available for testing.

The rssults reported herein show the ballistic limit
coefficlent, M(e'/d,0), of the best plate (4LR) tested against
Caliber .30 APM2 to be 72,800 at 0° obliquity, The ballistic
limit ccaffiofent caloulated from earlier Naval Resesrch
iaborrtory results on smell samples (plate V4, reference {o})
is 78,300, The difference in ballistic performsnce rsported may
havs ﬁeen dus to uncertainty from the limited number of impacts
obtained on the small sample available for test in refersnce (cl.
Some differences in metallurgical properties wore also observed, '
hcoording to the tensile test data discuseed later, the material
ir viate Vi had a 8lightly better combination of strength and
Austility than plate 1R whioch had an ? value of 65,600 against
Caliber .30 emmunltion,

The Remiagton titanium plates mede by standard practise
had the best sll-around balliscgc properties, Plates in whioch a
certain amount of cold work was left ia order to increase hard-
ness were Jeficlent against the Caliber .50 APM2 projostiles,
apparently .beceuse of the accompanying deorsase in ductility.,
The progress of metallurgical work so far has indicated that a
final anneal appiied to these work-hardened plates will improve
their Caliber .50 penetration resistance.

The duPont plate 1D was slightly inferior in Caliber .50 ..._ ...
penatration resistance to the work-hardoned Remington plates but
annealing did not improve the duPont plate, sc that the causs of
the deficlensy apparently was not work hardening.

CONFIDENTIAL 1l
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be Penetration Mechanism

The hardness pattern of cold~worked metal surrounding
an incomplete penstration of a Caliber .50 APM2 core is repre-
sented in Figurs 12. A considerable volume of metal was work
hardened in absorbing the projectile energy, This impact was
one of a comparatively few in whioh the base of the projectile
cors oracked off during penetration. The lorgitudinal: etched
ssotlon of this same impact Lllustrated in Figure 13 revealed
the veins ard oracks resulting from shear stress and also ths
formation of petals at the back of the plate. 4 transverse
etohsd saction of snother Caliber .50 impact in Figure lk(a)
showed veins running cut fsrom the core, There d4id not seem to
bs any significent mode of formstion of these veins other than
8 obvloue soncentration of shear deformation surrounded by
capparatively undlsturbed metal, The veins wers a locaticn
for inoipient oracks as shown by the path of rupture in
Figurs 15{bj.

‘ Examination of some of the oomplete penetratiorns showsd
that the lead piug over the nome of the ATM2 cores tendsd to
coat tho inside of the hele in ths plste with a film of mo~
tallic lsad. This effect ia illustrated in Figure i4(b), The
Tiin obvicusly would prsvent direot frictionsl oontaoct between
+«be stesl core and the tivanium during penetration., Some -
oaliber .50 API round:s whioh baéd no lead plug were fired
against plate 1D but the results were the sems as with tae
APM2 rounds, Bused on these results, it would seem that the
tendenoy of titanium to "seize™ other metals in frictional
contect 1s not a sigaificant faoctor in its pemstration
resistance.

Heating of the contact surfaces duripg projectile
penctiration sesmed to have cecourred in sufficient amount to
draw the temper siightly in the outer surface of the hardensd
steel deri., This occndition is illustrated in Fizgures 16 and 17,

From the above observations on projectile damags, it is
congluded that commerdiel titaplum has only a littls more effect
on the Callber .50 APM2 core than 24S-T,{ aluminum, which prscti-
cally never damages the projectile at 0% obliquity.

CONFIDENTIAL 12




1

7e

Lo

CONFIDENTIAL NPG EEPORT NO. 584

Ballistic Test of 5/8" Titanium Armor Plates
~~and Metallurgicdl Examinatioh 6r Flaté iR

- W e R & EB G s B E» B Ek @ W A @ G M BB e e @ A M e W @S W e e W D w

¢, Chemical Analysis

Data obtained on the composition of plate 1R are given
in Table IY. The carbe. content varics scmewhat becauss of local
gegragation but 1t is belleved that the average value for the
plate is betwesn 0,40 and 0.50%. The nitrogen and iron contents
are low and in line with the expected values for Remington
titanlum. Sampies for cxzygen determinatiocn have been gent to
the Naval Research Leboratory. There is as yet insufficient
data to permit a correlation of composition with ballistic
proporties, If good ductility is desired in commercisl titanium,
the carbon and nitrogen should be kept relstively low, according
ts reference {f). : ‘

d, Microstructure -

The form of ths insoluble carbide particles probably
has an affeot on bellistio performsncs. 4 uniform disperaion
of amall rounded particles generally is oonsidered to be the
praoferred structure in other materials, The typloal carbide
dlstridution in plate 1R is 1llustrated in Figurses 18 and 19.
Although fairly well dlspersod, ths carbides are scaswhat .
alongated in the dirsection of relling and flattened on the
sldos paralileli t0 ths plato suprface, 4 eubstanitial amount of
kneading to btreak up the cerbides sppears to be Jdssirsdle in
ths menufacture of titanium for ballistic plates.

Tho misrostrusture developed in the menufacture of
giate iR wag composed of rather large egui-axed grains of alpha
tanium,

Grain structures of longltudinal sections and of
sectiona parallsl to the surface are chown in PFigures 20 and 21.

The aiphs-beta tranaformati-n sories in Figure 22
illuatrated anothsr type of elpha titvanium grain structure pro-
duced by esperimental heat treatment. By heating at increasing
temperatures above 1600°F; the bets transformetion was round
to stert at the bounderies of the eculi~axed alphs grains, then
begin at lsolated spots within the grains and finally extend
complstely thrcugh the structure at 1750°F or above, On cooling,
the beta phase apparenily reverted scompletely to alpha since the
fensity remained coanstant. The alpha phase now had an angular
strueture characterized by groups of parallsl slemenis, This is
a characteristic structure observed when transformation occurs

CONFILENTIAL 13
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¢long orystallogrephic plencs and 1s neried "wWidmanstatton® after
who diquoverer. Por simplifiovation in this report, the egqui-axed
alpha and Widnanstdtten alpha will be abbreviated as E~alpha and
W-alpha respectively. The paralicl pattern in Wealpha 18 nore
closely spaced in quickly cooled metal but evidence of the pattern
is retained in more slowly coolsd siaoimena as shown in Fig-

ures 23{h) and 25(a)., Metallographic work on plate 1R led to the
dlscovery of a combination etohing teshnique (™C" and "B ‘gsolutions)
whioh proved vary sensitive to the lamellar structure in Wealpha
titanium, The example in Pigure 24(bd) shows the dark "ribs*
trought out by this technique.,

The ribs preaumably rrpreaented boundaries between dife
Teront arys‘*“aogrupnin orisntations although thers was gome ‘
possidbiiity that a xc hoted constituont might have been present.
A awumry of the megh: 4. used in preparing specimens for metal-
mmp&m eminati_ _ giwn in Appendix (Cho |

' mmn t&tw@ otures are also round under suitahlo
oenditms 4n-peny o ther metals and alloys including steeli- K.
staw.nme aonera {y is- auociated with poor meohanioal propertzee.

Aol Wn & hoxagonal- olou-packed oryatal struoture ke that
in's .gni pha-titaniun 190014 workeGy the deformation produces- - . -
neohanion) twing within the grains,. 'This is a ductile ty e or
deformation with considsrabdle oapacity for energy absorpt A
typioal twinned structure of equis-axed alpha titanium in the
vicinity of a ?rojeotne penetration through plate 1R 1s shown
in Flgurs 25(b Altho the twins appcar as parallel lines,
this structure has no relation to the Widmanstétten pattern
obtained by heating in the alphaebeta transformation range.

CONTIDBNTIAL 14
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6, Mochanlcal Properties

“he lonatlon of test semples is given in Figure 26,
Tsnelle “ost data on plete 1R in the condition as received from
the manuiacturer are given in Table III. A compariscn of the
average values wi th plate Vi of reference (o) is given velow:

_ RedAuotion of

, BElonga~ Reduoe
' Tensile Yielda tion in tion ajor kinor
Source Strength Stron?th 4D of Area 4axis axis

Elate of Mata {(psit) . _(pel (%) (%) A
R PG 85,500 77,700 214 k0«2 BT 3heS5
¥ HRL 193,000 wsmmem 23,1 5,“,+ e 53'5fﬂ{»'*

This qomar:laon would mdioate that the métnl 1n Vl; m aOmee [ET
. what shronger and more ductile than in the 1R plate, The - °

- elliptical fracture of the tensile spesimess found An V. m;7
..also obsorved in the IR teats and is illustyated in ¥igu

" The long axis of the #llipsg an psrpondiocular %o the” plau :
- eurfede. - A,Mzt!oql ‘weasude . of the anlsotroplc effest was - -
Ltelen a8 £ the major -ond -minot -axes. of .the. ﬂlllpan s
From the dath givon in the ‘Cable above, the pratio’ “major
axiu/minor axio" was 1.4 for 1R and ') 5 for V) and: thererore the
“latter in aas\md to have hed a greater amount of anuot.ropy. :

L study or thase direvtioml pro erties was nade to :
detemine what would happen if the titanium were heated. through '
the alpha<beta transformation. Heating to 1700°F (pure titanium
transtorns at 1615°F) was tried aa shown in Table IV and Figures 27
and 28, Tue anisotropy was not removed and the metal suffered a
lorss in strength with little or no gein in duetility., The trans=
fomation ranﬁe was than examined by the metallographic methods
alrready described (Figure 22), It was found that the transfors
mation in commeroial titanium was only abcut 504 complets at
1700°F and that temperstures of 1750°F or higher ware requiPed
for full transformation, A tensile blank from plate 1R was then
heated tc 1800°F and the resulting test showed the circula~
fraoture in Figure 29(a). This indicated a substantially

» KR, Ve T
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auAp,ar removal of direotional propertisas., However thare was
o fPurthor reduction in tensile and yield strength without much
shange n duetillity as shown below,

. Elongs- .
Tenaile Yield tion Reduction
8tre Btren in 4@d of Area
#2atn Trostment 81 (%) (%)
ZR 18000? .- 77¢ 58 200 22-2 37-’}
{¢19} 10 mins.,
aix oool.

The deorsaae in atrangth asaooclated witn thn removal of
*@@M 'mai mzerties wag obviously undesirable for better .
&ml’ia n quﬂl tye

R thae r,y was, udvanped by the' Remifjiton Am I.M,’Wt
‘ﬂm Mmﬁr«m o effact was reletsd to prefarri )qum;a-xou*
“dovelsped in the: crysbal ‘strugture by cold working and maalj.qa.
‘ReTorringiso. the' Alsgien: of ‘dtomic srrangement in ¥igure 30, .~ -
I R ¢ $e e “0lose~packed cﬂhtgi units’ .
‘fopd By ‘b_.thair ‘basal 9lanes. are parallel. .

| The "plat.os wero too thln to permit ténsna testing 3n the

1 aammal divdntion end further eramination of the preferrsd orlen-

_— tation effect was based on Brinell hardness teats cf & eample

| block whioh wes positioned so that the axis of the indenter was
-mapeotﬁaly in the normal, longitudinal and trunsverse directions
%0 the plane of rolling. Tast resulte are summarized bslovw Ifrom

Tebls T,
Brinell Hardness Values
000 -~ 15 gec
Piate Treatment QIma ngltudina ansverse
R None, as recaivad;.limm“észln"” 191 7t 20T
Oriented oryastal
gtrusture.
ini#i9l  oriorntation re- 194 183 179
roved bg heating
to 1800°F, air
conl |
SOHFIDRITIAL 16
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The plats material as received had a remerkable excess of harde
nes: in she normal direction (across the thickness of the plate).
This also corresponded to the direction of projectile penetration
g0 that a favorable infiuence on penetration resistance could be
expsoted, The excass hardness practically disappearsd when the
orientation was removed by heat treatment at 1800°F. A minor
part of the differences in hardness was probably caused by the
moohanical effects of elongated ocarbides in the matrix,

Standard Brinell hardness tests were takeiu to estabdlish
the average face aud back hardness of plate 1R, both in the
original condition end after experimental heat treatments, and
the results are reported in Table YI., Some minor variations in
tardness wers observed which probdably resulted from inhomo~
- ggrisity in chemioal composition. Wicro~hardness surveys taxen
ﬁrpps'uct_ions' of the plrte also ahowed local differsnces in
hardness as plodted in Piguree 3) and 32. The aigh plateaun at
the night of the ourve in Figure 32 was observed to be reiated .
20 ‘a segiogation of titarfum oarbide particles in this area,
©¥ . fhe results of tensioneimpaci and Charpy Veno act
tosts arg. rejorded ‘in Tables VIT sod VIl andrg gure 33?»&" L
Triogy MeorOstrusture © - L e e

A ocentor section extending halfway across the plate was
etched by two different methods to show segrogation and grain
size, respeotively. ‘

_ The slight evidence of segregation shown in Figure 33
suggested partisl mixing of an inhomogenecus melt, Carbon as
titanium carbide was one of the segregating elements but the
differences observed were probably not large encugh to affeot
the physical. properties seriously.

E Y

The macrostructure in Figure 34 revealed a fairly
-uniform size of grain from edge to center of the plate,

CONFIDERTIAL 17
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&« Discussion

. The best penetration resistancs in experimentsl armor
plate fabriocated from commercial titanium metal appears to be
associated with the preferred orientation of an equi-axed grain
struoture developed by rolling and annealing below the alpna-beta
transformation range. In 5/8" Remington titanium platss mede by
this praoctice, the oriented structure had about 1C% greater
hardness in a direotion perpendiocular to the plate surfece with
no reduction of ductility in directions parallel to the plate
surface, It is not yet ocertain that the cptimum orientation
effect has bteen obtained, I1f the orientation. was remsved by
heating through the tranaformation range, thers was not much
shange in tensile clongetion but the excess herdness disappeared

" 80 that lower ballistic properties could be expected,

; ¥When a final anneal was purposely omitted from the
. Reitipgton practice, the 5/8" plates 80 produced had lowered
resipisnce against HE shook and against Caliber ,50 ammunition,
Tesks Indicated that these work hardened plates (3R and 4R)
could be improved by anmealing at 1450°F. e .

. '"he 5/8" plate No. 1D of duPont titanium was fabricated

¢ pefore. the relative value of the E-alpha oriented structure was

;- ¥nown and the plete probably had a struocturs tending toward the

" W=alphe type. Anncaling at 1300 F daid not improve the ballistic
-velue of. plate. .

EARTD

CCNCLUSIONS

8. a. 4&gainst Caliber .30 APM2 and Caliber .50 APM2 projec-
tiles at 0° obliquity, the titanium plates tested, at an equiva-
steel thickness from 5.350 to 04370 inches, were superior in
ballistic performances to homogeneous aircraft steel armor,
equal to 24S-T4 aluminum alloy armor, and inferior to face

— hardensd -8teel armer, — e

b. Against 20mm HE Joaded and fuzed projectiles at 20°
obliquity, the titanium plates tested, at an equivalent steeli
thickness from 0,350 to 0.360 inches, were inferior to homo-
geneous and face aardened stesl armor. The overall shook pro-
perties were equal to theoase of 248-T,: aluminum alley armor in
regard to protsstion arforded, but alightly inferior in regard
to tendsnsy to oreck.,

CONFIDENTIAL 18
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c. Titanium is guitable for use as an armor material
insofear as ballistic properties are concerned but applications
will depend upon reductions in the present high c¢ost psr pound
of armor and uvpon the peossibility of Improving the pressnt
ballistic quality.

d. A metallurgloal examination of one of the better titanium
armor plates showed a characteristic equi-axed grain struoturs
which also had a preferrad crystal orientation developed ia the
process of rolling and annealing. The preferred orientation
produces maximum hardness in a dirsction across the thiockness of
the plate and should help penetration resistance.

e, - The oriented structure was loss effective ballistically
when the plate was finished in the maximum co0ld worked condition.
- but subsequent experimental annealing rsatored soms of the lost
.. oallistic quality.

K t,,lﬁﬁgnlthe erientation was removed by transforming’ the

. atPuotare. at high temperature, the resultant structure was
f\igtio§gnt=ih\strsngth with indication of poorer ballistie

5 qualdiy e
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—~Ballletio. Test of 5/8" Titanium Armor Plates
and Metallurgical Bxaminuation of Plate 1R
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A}
£

-

Etohed Seotion Through Round No. 10, Cal, .50 AHM2, i
Stuck in Plate, Base off ;

Remington No., 1 Titanium Armor Plate, 5/8" Thick. :

Btohs - BHF, 1 part; glyoerines 1 part,
ua'g'niﬁoaiion: ai —

The same field as in Figure 12 except taken with
vortical illuminetion, The fine dark lines along
the =4de of the pwjeotile were pathe of maximum
sheay stress which freguently were associated -
wiik ths oracking shown by the heavier black linss,

NP9-4, 0401

CONFIDENTIAL Figure 13 AFPPENDIX A
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Bellistic Test of 5/8" Titanium Armor Plaves
and Metellurgionl Exeminatisn of Plate 1R

a4 WR W W & M D P W e e

& KP9-40601
,;:: Titeriun Plate No. 1B

fSeotion Through Base of Round Koe 3,
1Cales o50 APM2, Stusk in plate,

Etoch: HPF, 1 part; glycerine 1 part,
: uasniﬁcat:lon' LX
Rl Vertioal nlunination

A The fine dark linss around the edge of
g the projactile are paths of maximum
IS alieor stress which follow an irregular
I pattern, Compare with a longitudinsl
Mview in Pigure 13, The dark arsa in
g the core was bakelite riller used in

il

’sootion ‘I‘nrough Hole Left by Round
+ Moo 4, Cale .30 ARMZ, COmpleto
‘,‘ Penetration

‘:’;llam!.tication' X
Ohliquo {1lumination,

The hole is lined with & thin deposit

~ over the A.P. oore.

CONFIDENTIAL Figure 14 APPENDIX A
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Ballistic Teat of 5/8" Titanium Armor Plates
apd Mstallurgicali Examinatior of Plate IR
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NP9~=40617

Section cf Edge of Round 5
X Impact, Calibsr ,50 APMZ,
T gl Showing Veining.

Magnifiocation: 25X
Etoh: 10%HF, 204HNO; fn
water,

The irregular gray bands
or veins in the@td.eanium
were paths of maximum shear
gtress fomed during pro-.
Joectile penetration.

gla::ism

NP9~40618

Another Seotioiz et l&ge of
Round 5 Impact Showing
Cracks and Veirs,

‘“ Maguifioation: 25X
Etoh: 10%HF, 20%HNO; in
! water.

Cracke developed in the
veins where the shear
stress exceeded the strength
of the metal,

(v}

Photomicrograpne Showing Typical Veining Which
Dsveloped the Surrounding Tisanium During
Projectile Impact,

Titanium Plate 1R

CONFIIENTIAL Figwre 15 AFPENDIX A
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Bdlllstic Test of 5/3" Titeanium Armor Plates
aend Metallurgical Exomination of Plate 1R C0l
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Ca

T

Photomicrograph Showing Tempered Zonre
on Surface of Cal, .50 AFMZ2 Dart Embedded
Remington No. 1 Titanium Armor Plate
5/8® Thick. Dark Zome Indioates Tempering
Rosult from Heat Generated During Eatry
of Dirt into Plate., See Figure 17 for -
Hardness Tests in this Aree. S e

Magnifioation: 0C0X
Etoh: Ritel

NP9=40 60%

CONFT IENTIAL Figure 16 APPENDIX A
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Ballistic Test of s5/ar Titanitm armer Plates
and Metallurgleal Examination of Plate 1R
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985 KHN
980 KEN
980 KHN
Cale o50 APK2 850 KHN
Stesl 630 KEN
Dart
;'uanim

Photamiorograph Showing Surface
Softening of Cal, .50 AYN2 Dart
Embedded in Titanium Armor Flate,

Cross Ssotion a4 Bsse of Row....i No. 3
Stuok in Remington N¢. 1 Tifi.nium

Armor Plate, 5/8" Thick .. Kzoop
Hardness’ In‘&%ntations, 100 Gram -Load,

Magnifrication: 500X
Btoh: Nital

NP9=-40610

CONFIIENTLAL Figure 17 APPENDIX A
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Ballistic Test of 5/8" Titenium Armor Plates
and Xatellurgical Examiration of Plate 1R

€ E A W s W B W W W G W T M W W W W W W W B e A AR e W WP > B @ W

R : oo NP9y 0619
= - > Center of Plate
® - Magnification: 100X
- I .. .
, > ° e | Unetohed _
3 f = - : . . Particles appear well dispersed
\ A . and somewhat elongated in the
~ C e ' dirsction of rolling,
(a)
oL Te T N, ... JiPG=40620
éﬂ?““ T e T ’ Corner of Plate
o o . Magnification: 100X
:;.1E"T‘; T s 7 - . Unetched,
o % Similar to {a) above.
” L e =
L . e
- - .~~,( b) s - .

Miorostruotures ir Longitudinal Sections Showing
The Distritutlon of PMitantur Certide Particlus.

CONY'IDENTIAL Figure 18 APPENDIX A
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Balifstic Test of 5/8" Titenium Armor Plates
and Ydetallurgiocal BExamination of Plate 1R

S &5 B w W W @ T W W W G B W i W W W D B S W € aw D S S B B e W

AY
D T~ 1] Q *

7 3 el
WP9=40621
< 0
' Conter of Plate
Fg O v o Wagniffostien: 100X
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NPg-40623

Center of Plate
Magnifiocation: 100X

3% HF, 2% 1‘3!03; HZO.
Equi-axed alpha titanium

grains,
ASTM grain size #3,

NP9-4062l

Cornsr of Plate
Magnificetion: 100X

Btoeh: 3% m?; 3% mo:,,; H,0.
Equi~axed alpha titanium

grains,
ASTY grain size: 30% #4, 70% #6.

¥iocrsstructures in Etched Longitudinal ::ections

Showing Grain Strusture,

Titanium Plate iR
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NP9«1,0626
Center of Plate

Magnifiocation: 100X
Btoh: 3% HF, 3% ENO,, H,0

Equi-axsd alpha titanium
grains,

NP940627 :
Corner of Plats
lﬁagnifieatiog: 100X

Etoh: 3% BF, 3% HO 4, nzo.

Equi-axed alpha titanium
grains,

Grein Structure in Etohed Sections Parellsl to

the Plate Surfacs,

Titeanium Plate 1R
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1625°F

5% Teansformed
D-4.52
Ra-58.4

rd A
ITCO*F .
30% Troneformad
D- 452
Ry~ 37.3

{750°F
M 100%. Tionsformed 100% Tronsic-med
D-4.52 D-4.52
Ry 57.7 Ra- 58.1

ALPHA-BETA TRANSFORMATION IN TITANIUM PLATE IR

SAMPLES HELD 10 MINUTES AT INDICATED TEMPERATURES AND WATER QUENCHED
DENSITY “NO ROCKWELL A HARDNESS SHOWN UNDER PHOTOAGROGRAPHS

MAGNIFICATION - 250X ETCH - “C"+ "B
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NP9-40629

Titanium Plate 1k
Material &8 received,

kagnification: 250X
Etoh:

Equi-axed alpha grains,

RP9=40630

Titanium Plate 1R -
Sepple leated to 1700”

" for 12 minutes, air

cooled.
hagnification: 250X
Xtoh: "B" solution.

The grain toundaries were
from the original equi-
axed slpha. The parallsl
structures within th
grains were Widmanstdtten
alpha developed by heating
in the traasformation
Irange .
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Bailistic Test of 5/8" Titanium Armcr Plates
and ketallurgioal Examinatiom-of Prate IR--——-—~ - =
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AN Titanium Plate 1R

*9 Semples heated to 1700°F

@ for 12 minutes and quenched
3 in water,

| . BN iagnification: 250X
Btoh: "B" solution,

i The white areas were the

A original equi-~axed alpha.
AP The fino parajisl struotures
I wore Vidmanstdtten alpha

ol T dovel:ied by rapid cooling
S from within the transfor

: -‘:; oy mation ranges BSee belows -
’5"".'4-'; A ‘ :

g U RP9-s0725
“ .'_. S - - <
v \} Same sample as in (a)

jMagnificationi 1000X -
Etch: ®C* and "B" solutions,

- }, Details of the fine
) 7 Widmanstdtten strugture
pug « # were resolved at higher
. 7 negnificatione.
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Titanium Plate 1R ’
Sample heated to 180C*F for
10 minutes and cooled in sir.

Magnification: 500X
Etohs “C™ and "B" solutions,

"A coarse Widmanstltten alpha -

structure developed by Leating ...
.+ oompletely through the trans-
i formation range and air ococoling.
. The original sjul=axed grains

¢ . @isappeared entirely. -

SR WQ?‘Q\ - _, ':_ ;

' - riteatiel Plate R

{ . As mecelved, sample near ‘
i Round 5 Osiiber «50 penstratim,
,:-" i~ Magnification: 250X _
Etoh: "C" tad "B" solutions,
Parallel lines represent
twinning in squi~axed alpha
grains caused hy deformation

of the metal during pre icatiie
penetration.
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CORNER OF PLATE
(CODE 1Rl)
MATERIAL AS RECEIVED

CENTER OF PLATE
- {CODR 1RC)
MATERTAL AS RECRIVED

. CORNER OF PLATE
: {CODR 1R2)
HEAT TREATED AT NPG.
1700°F FJOR 12 MINS.
+ ATR COOL -

~ COHBNER 0¥ PLATE

' {CODE 1R3) L
ERAT TREATRED AT NPG
170003' TOR 12 MINS.

WATER QUENCH

BROKEN TENSILE TEST SPECIMENS SHOWING RLLIPTICAL

FRAC JURE WITH MAJOR gwmm T0 smmc:

REMINGTON NC. 1 TITANTUM ARMOR PLATE, 5/8- 'rmcx
SCALE: ACTUAL SI7R
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CONFIDENTIAL N?G REPORT NO. 584

Pxllistic Test of 5/8" Titanium Armor Plates
and Metallurgioal Examination of Flate 1R = - -

. G g W W W @ g 8 S WG D W T WP M W T m S

KP9=40607
Titaniumm Flate No. IR

-~ Broken longitudinal tensile test
zpecimen showing ociroular fracture
after heating to 18CO°F for
10 minutes and air cocling,

Seels: Aotual size, "

b}
WP9~40608

Broken Charpy VeNotoh Impact Test Specimens— - - ~
Showing Relatively Smooth Type of Fraoture

Vagnification: 1 3/2X

Remington No, 1 Titenium Armor Plate, 5/87
thieck

CONFIISNTIAL #guro 29 APFENDIX A
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Ballistic Tast of 5/8" Titanium Armor Plates -
and Metallurgioal Examination of Plate 1R
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(frez ™o Strsoture of Metuls
and Alloys” by Wm.Hwme~Rothery)

Hexagonal Clogo«Packed Crystal Structure
&Alphs titanium cxystalllzes in this type of structure,

Tha uais gcell is reprsssnted by spheres(left) and a
dlagram {right), )

WP9«10628
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CONFIDENTIAL NPG REPORT No. 584

1listic Test of 5/3" Titanium Armor Plates
and.Metallurgioal Examination of Plate 1R

@ m W M e W o om o wmowm
- W W W D e & O W e W
- e W o gy w e W = .y

iHacroetched Sections Extending from Center to Edgs.
-Remington No. .1 Titanium Avaor Plate, 5/8" Thick.
Etoh: Boiling 50% HOL
Magnirisetion: 2%

Stresks indicase slight segregation.
NP9 -40815

CONFIDENTIAL Plgure 33 APPENDIX A




o}

CONFIDENTIAL | NPG REPORT NO. 584

Ballistic Test of 5/8" Titanium Axmor Platss
and Metallurgical Examination of Plate 1R

--‘om---—,-------o---—‘.—-_w’.’au-.

Jenter

IX

Macroetched Secvions Extending irom Center to Edge.
Remington No.-1 Titenium Armor Plate, 5/8" Thick.
Btehs 105% HF, 3% moa: 95-5% 3200

Mapgnification: RX
Same as Flgure 21, etcbed to show grains.
NP9=-40616

CONFITENTIAL Figure 34 APPENDIX &
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CORPIDENTIAL %PG REPOR? ¥O. 664
Ballistic Teat of §/8" Titanium Armo. Plrtos
.- mee e v letallurgical Exemination of Plate R

© e

TABLE X

Summary of Ballistio Rosults
Cal, .50 AP ~ O Obiiquity

Nfrs. "Vpeia® "vpso"

NPG Piate imit  limit

No. Yo, e @' o'fd .ft/aco. ft/sec. Flo'/d,0)s Romarke

1R 364 613 J352 824 1709 1701 66,000 Pstals off sauc
mmctS.

2R 414 L6253 ,358 .838 16885 1678 84,600  Slight spall or petals
out most impacts.,

3R 415 620 JL35C .8%54 1598 1661 60,200  1-1/4% back spali,
S impacts.

L] 416 620 .356 .B%4 1655 1691 86,200  Petals off same

Annealed impacts.

4R 40T L622 357 .A36 1646 1665 60,400 1" spall some impacts.
S8R 407 .82 357 .836 1642 1630 62,800  Slight spall, petals

srgerled out.
SR (a) 428 .598 ,344 ,801 1633 1620 63,800  Potels out some
impactas,

(v) 428 .598 .344 ,801 1611 1630  64,20C  Duplicate test.
wom o848 372 871 1841 1638 58,100  1-1/4" back spall

4 impectas,
b m—e 848 372 871 1818 3538 58,100 Large Spall some
Annealed impaots.

- W W T @ W R W)W T A W W @ T A S S G s W oW S e -m e W B G T e e s W B e ™

Cale «30 APM2 - 0° Obliquity

iR 364 L613 .352 l.44 2212 2212 89,600 Petals off some
. mmet‘.
2R 414 (623 358 1l.46 2294 2308 72,000 Petals on, gensrally.
3R 415 4820 o356 1.46 2318 2816 72,300  S$/4" spall most
. im ctlo
4R 307 622 357 1.46 2328 2328 72,800  8/4" gpall some

impacts.
4R 407 .622 .357 l.48 2274 2279 71,200 31icht spall.

fomsaled
ID --= 648372 1.52 2357 2349 71,900  5/8" spall most

At B ——

impacts.
in ene G458 4372 152 2357 2357 72,100 Spall most impacta,
Annesled ’

* Calculated from VoED limit.

CONYIDENTLAL 1 APFERDIX 8




CONPIDENTIAL

NPG REPORT HO. 584

Ballistio Tost oy 5 Titanium Armor Flates

and Metallurgionl Examination of Flate 1R

W e T e e W M T WM W W WE G G W W W A W @ B B B W WMEs M S & W W B W S B e w

TABLE I (Cont'd)

Mfrs. *Vemin®
NFPG Plats Limi¢
Bo..  Nee o! 2t/3e0. Remerlks
2000( B M3, Mk20-0 Puge ~ 20° Obliquity
1R 364 352 2304 '
2R 414 »358 Kot Tested
SR 415 «366 2295 Thru cracks.
4R 407 367 n2325" Leng thru directional cracks.
10 e o372 Hot Tested
CONFIDENTIAL 2 HFPENDIX B
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CONFIDENTIAL i NPG REPORT NO, 584
Ballistio Test of 5/8" Tituaium Armor Plates
Canm s .and Neteliurgical Exsmination of Plate 1R

- @ W @ S @ W @ W (B W wm W m Em @& = B B W ® @ e W B Em W W W S w E o

BIE Y

DPirectional Hardness Propsrties in
Titeniwm Armor Plate No. 1K, 5/8" Thick

Brinoll PBardnass Valuee
(300 o " 15 86C e

Sapmple ' . ‘@.& Paoe | ansverso
Looation Troatment Back=4v. {1 )Sactlon (2) Seotion (3)
Center of RNone, as received 234 191 01
plate - : 5 X
. Center of ~1§00’F i.'or ‘,0 mins,, 194 188 - 179
219.? el lir 00‘011 Gee

; (1) Axis of mdom;ar perps . Iar to plate surface. X

")‘

€ ’337»‘”‘&)’5 l%zﬂ:ov .m plane {or pla'be and perpondicular to the -

dfrestion of rc;ung. Coa el .
(3) Axis of indentar. f.u phne of pfa’te and parallel, to tho, direction
- of polling,

- Hote: Approximately 1/52" machined off fuce and back surfaces hefore ﬁeeting .
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CONFPIDENTIAL HFG REPORT N0 . 584
Ballistic Test of §/8° Pitanium Armor Flates ..
and Metallurgical Exunination of Flate 1R

Hardness Tosts on Titanium Armor Plate
Noe 1R, 5/8" Thick, Taken With The Indenter
Normel to the Plate Surfaco

Ae Material ns Roosived

.
s

Brinell mrdneaa Values '(aooscg,ﬂ 18, aoc.)'_'

: _Igpnutioatim Pace “Back ' Averttﬁe .
Genter of plate 220 B A
{_comr #_ of plate .22:':. ‘255}, ;f sé‘\;;

’ (;ornoz; #5 of pfatej 2385 " 228:“% .28D - .

o ‘Gend Avorag TS o
R T R T ~ e e

. Bo Experimental Heat Treatwints at NIG

Aly 000l . 22e 228 227

1700°F for 12 mins.,
Wator guench. 228 235 232

1800%7 for 10 mins.,
Alr ocol 197 181 194

Notes Approximately 1/52" machined off surfaces before testinge.

CORFIDENTIAL AFPENDIX B




g TIaN3IdV . TYILNEATANCD

W

R
mm.,.__.. bk aied oqurd oyy of Jenotpuedaed ano yojoN ¥ OIM
1 ﬁ.\BlMH'! . . N .n ,f ud “Yl.”rr. . _x - .gq
6° 00T T et 2 GEATEOTE SV TYIEEIW
6* 66 i , 1 *sUDy,
) ‘ b (0¥t =109)
1L T FEEI -} < _ aay M
000t 4 e vy ST 2 _ FIVId 0 JELIED
. 2766 G ,, 18 _,ﬁ. . 1 +3uoy
A..ms ﬁoﬁooﬁ , (*at* a& Jequny T [408dFJ WO FFBOTITIVEDL
SS eqpIsy eFudasy Awmﬂcuvm uodmﬁn uemyoeds 389y

Py am\m T QN 90713 BRIV ADITZLE 3D HIONTUS JVARI HOJOR=A AJUVID
. S oo¥oo - TIIA Ve

w.w f e
L83, 29 e S oy
842 9°% g T ) 2 GSATHORS §Y TVINEIVA
$* 2 v S ré« L Mk 08 1 csuRAY
. R X { OHT ®00}
291 2.8 N g 2ay .
LT L, vl VS8 . oF 2 EIVIL & HIINAD
6°81 A P R W T g
STy WUl VeV S0TeR - g . ﬂ.ﬁ.a& Joqung FOTIOOIPT  UC3ICTITINOPT
! e ey . gafeeagy ueayoedg 389]
999w uT( N 8335& qowdag
Jo Soympey T E -y
. Mo_ £ &..%Nu": . "
MOTHL ..w\m .8 $LVId HOREY NAIRVIIE & mﬁﬁﬁoﬁ 1OVIRI~NOTSHAL
s ¥ wwn TTA F1aVE
-‘L""!-’-""'-‘.'ﬁw-- %‘- """"""""""""""""""""

B BGRLg JO TOTAIUTEEXY [VOTIABTIWIAN PUN
306 ° ON IUOJT Hh Fr. 293 VLT A0UIY WOTTOITS ..m\a Jo 498], oT3STT(% VT IHIATAN0




CONFIDENTIAL NPG REPORT NO. 584

Ballistic Test of 5/8" Titanium Armor Plates
and Metallurgical Examination of Plate IR crees -

GF W0 d» B W w 4P W W O A B T W M W S W W Uy P s TP s W w W W W W -

Metallographic Technique for Titanium
Us 3. Naval Proving Ground

4

The examination of complex structures in titanium necessi-
tates specisl ocars in the polishing and etching of metallogranhisc
gpecimens as outlinoad beiow,

Mcuntinz. A small spocimen size of less than 1/L" squars facili~
Eaaes pblishinga The out-0ff whosl should de relatively soft;

Amarican Instrmment Coimpany wheel No. 5-2212 hes proved satig-
factory. Bakelite is used for mounting because it does not orack

on ¢ooling.

‘W‘; _The, mounved spssimen is first ground on s clean

¥y motof-drivon wet belt., After the wet belt, the speci
‘men- {8 polished on emery paper ranging from #2 down tarough #00.
Paper is preferred over lsad laps because the latter csuseas
QAragging and piling up of the romoved motale. : aoe -

iﬁugniﬂbilpuing the #Qacem;ry baper,'tﬁe specimen is polished

M 831K sloth using Noe 600 oarborundum grit. After the
‘apboigad- Le° frég from soratohes made in the early stsges of
paTtehig:~¥he poiishing is continued for appraxirately one -

pinute to remove worked matal that might be present before
proceeding to the next wheel, Here again silk 12 used with a
No. 900 grit {Precisionite #3}, following the same procedure
a8 on the 600 grit whesl,

The intermediate poliahing is dous in two steps, with the
firast on a Gamal clothh uwsing NBS #14 dlemond abrasive to give a
flat surface by elininating carbide relief, NBS #6 diemond
abrasive on Gamal cloth is usod in the sscond step, The final
polishing is carried out with Shamva abrasive on Gamal cloth,.
The specimen should be polished and very lightly etched from
one tc three times wntil all worked metal is removed..

Etchinge 4 gocd eteh fer remowing worked metsl oonsists of
Teo% ﬁﬁ and 3% HNO3 in water. This etoh 18 also used for
revealing the grain boundaries in equi-axed alpha titanium,
A1l etehing scolutions are gpplied with a cotton swab booause

& ?gtisractory etoh can % obtained only by a vigorous rubbing
AcLione
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CONFIDENTIAL NPG REPORT NO, 584

Ballistic Test of 5/8" Titanium Armor Plates
and Metallurgical Examination of Plate 1R
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A combination og two etohing solutions glves the besti
results with Widnanstatten structures in alpha titaenium, The
»g* etonl{llconsists of i part HF and 1 part glycerine, . The
ncn etoh!{2)oontains 1 ml.HF, 3 m)l.BNO3, 3 grams Pb(NOf)z and
9505 ml, water, The prooedure in using these etches is to
rirst etoh with "C" for 5 to 10 seconds by swabbing, wash in
warm water rubbing with cotton, flush with aloohol and 4ry.-
The "8" etch is then applied for 3 to 7 seconds by awabbing,
followed by a water wask, flushing with aloohol and drying.

Metallography References:
(1) oOptioal Metallography of Titaniua, W. T. Finlay,
. J« Rosketo, and X, B, Vordahl ';ﬁdusaria; and-
. geri Chemistry, Vol. ‘}i. s X Do ’ .
. %%%\Ta'iy %SU!. ‘ ,

{2} Metallography of Zirconium and Zirconium Allays,
© - ._As Ho Roberson, Metal Progresa. Vol, 56, No. 5,
“Te 667 (Novembsr, fﬁb’.
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CONFLDENTTAL NPG REPORT NO., 58,

‘Batlistic-Tost of 5787 Titenlum Armer Plates
and Mstallurgical Evamination of Pz.ane 1R

1o In the peonectration tests with armor pisrcing projectiles .
berformed herein, the veloolly of each impact was measursd and
the two fonowisg bellistic 1imits evalwmated.

8e linisum Limit Yelceity; "Vimin®,

This 1im8% is the aversgs of the velooitles m'

- {mi the lowoet velpsity impact causing a uompaﬁte

paﬁ; :ﬁon and (h} the impoot with the pezt lower
7o
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& pmtusﬁea i‘aum wep sonsidered to have eoomc&

‘ 2 thé plate o otils penetraied a 0§020
giaeawﬁgo Mﬁaa&w%m&lwwe anﬁ
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CONFL ERTTTAL | MPG REFORT 0. 584

Dalidstio Test of 5/8" Titanium Armes Plates
and Netallurgioal Zxzamination of Flate 1
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4o Tho following formule 18 uwsed to determine the mean
vroteotion limit veloelty "Vp50w:

"VpSO" B &

Where

. ®¥p50® a msan proteotlon limit velooity,

2T = the sum of the velooitias of ths EuAGSH
' _‘ommbmm -

Nl , g
jpx'cmmm on failvre

amber W m«u mmxwa ¢am3,ﬁ .
ipxbza'v 0 ure

& 8 gonsd

L5 ¢ Dammcu ihe Ibwest YaRosiiy Iapact ieviivg pioc

T i’nﬁm mw Wt nlmcy}mmn Bk gavsing proe
In omr %0 toz of @l dﬁﬁ'@m & thir

3 °°€f"”o o Liat oy,

t velocities obtained ﬁm L
punetraﬁio7 tests are sxprossed in tems of F{e'/6,@) values
(11 .

tp aangiﬁazod KoY ecz%ﬁnﬁ

.‘ f.ﬂ".ﬁ&m of e wenh
WA W

whers F{e?/d,0) is defined as followve:
¥(e'/a,8) = 41,5

Where:

¥ 1s_ths projeotils mass in poands 520 the msaa

‘protoction 1imit volooity in feet per second, 5. tio obLiguity,

8- the angle between normal to the plate and *tha lino of #light,
e', the equivalont thlckness of the plate, thet ias, tho uctusl
piatu thickness in inoches, divided by 1. 7h to noooun* Loy
lowsr density cf titenium in comparison with steel and ¢ .
Gdlemeter of the projectilc in inches.
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Ballistis Test of 5/3" Titanlim APmct Plated
and Metallurgical Examinetion of Fiate 1R

-\a‘--‘nm&bwum-ﬂmmn-u-nn"--no--&.'hn

6. The charasteristics of the ermor pisreing projectilos
gagg in the penetzation vests are summarized in the foilowing
able:

Projestils  Average Waight in ibs, wittowt  M/a in
 Diemetar Jeoket or Windspleld  lbs

ge: . dsield o Jou Lty
Gl 30 ABMR  OFRULL 401294, 1425

Cals o350 ABN2  OWM27Z +05600 1241
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Ballistic Test of 5/8" Titanium Armor Plates
and Metaliurgical Examiration of Plate IR
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